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Fragmentation of some electrospray-generated complex ions, [63CuII(amine)M]z21, where M is
an enkephalin derivative, produces the radical cation of the peptide, Mz1. This ion has only
been observed when M contains a tyrosyl or tryptophanyl residue plus a basic residue,
typically arginyl or lysyl. A typical viable amine is diethylenetriamine. Collision-induced
dissociation (CID) of the Mz1 ion yields a prominent [M 2 106]z1 product ion for tyrosine-
containing peptides, and a prominent [M 2 129]z1 ion for a tryptophan-containing peptide.
These fragment ions are formed as a result of elimination of the tyrosyl and tryptophanyl side
chains. Dissociation of these ions, in turn, produces second generation product ions, many of
which are typically absent in the fragmentation of protonated peptide ions. Structures for some
of these unusual ions are proposed. (J Am Soc Mass Spectrom 2001, 12, 1114–1119) © 2001
American Society for Mass Spectrometry
Protein radicals play an important role in biology.They are involved in a number of highly impor-tant processes, including the oxidation of water to
oxygen for use in a photosynthesis system in plants and
algae [1, 2]. Cationic peptide radicals have aroused
considerable recent interest as they serve as models for
molecular wires in studies of electrical conduction in
biological systems [3–9]. Generation of cationic peptide
radicals has traditionally required relatively energetic
processes, such as electron impact with electrons hav-
ing tens of eV of energies [10, 11] or laser ionization [4].
Recently, we reported a serendipitous discovery of a
relatively low-energy and facile route for producing
molecular radical cations (Mz1) of oligopeptides in the
gas phase via low-energy CID of electrospray-gener-
ated copper(II) amine oligopeptide complexes [12]. A
typical experiment involves electrospraying a solution
of a Cu(II)-amine complex, e.g., CuII(dien)(ClO4)2
(where dien 5 diethylenetriamine), and an oligopep-
tide, M, mass-selecting the [CuII(dien)M]z21 ion, and
fragmenting the complex ion to produce Mz1. The yield
of the Mz1 was found to be highly dependent on the
presence of certain amino acid residues, including ty-
rosine, tryptophan, and basic residues such as arginine,
lysine, as well as histidine. Here we report a systematic
study on the presence of critical residues on the Mz1
yield for a series of enkephalin-like peptides.
Experimental
Experiments were conducted on PE-SCIEX (Concord,
ON) mass spectrometers, the API III as well as proto-
types of the API 3000 and the Q/STAR. The first two are
triple quadrupole mass spectrometers while the last is a
quadrupole/time-of-flight (TOF) hydrid mass spec-
trometer. Samples were typically 600 mM in CuII-amine
perchlorate and 50 mM in oligopeptide in a 50/50
water/methanol solution. These were continuously in-
fused at a typical rate of 2 mL/min into the pneumati-
cally-assisted electrospray probe with air being the
nebulizer gas. Product ion spectra were acquired using
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either nitrogen or argon as the collision gas under
center-of-mass energies (Ecm) of 1–3 eV.
The CuII-amine perchlorate salts were synthesized
according to published procedures [13], but with per-
chlorate replacing nitrate as the counter ion. The amines
investigated include dien, Me5dien (N,N,N9,N9,N0-pen-
tamethyldiethylenetriamine), terpy (2,29:69,20-terpyri-
dine), and 4-Cl-terpy (4-Cl 2,29:69,20-terpyridine). All
chemicals and peptides were commercially available
(Aldrich and Sigma, St. Louis, MO; and Bachem, King
of Prussia, PA) with the exception of WGGFLR and
MGGFLR, which were custom-synthesized (Hospital
for Sick Children, University of Toronto, Toronto,
Ontario).
Results and Discussion
Figure 1a shows the TOF mass spectrum of electro-
spraying a solution of [CuII(dien)](ClO4)2 and M 5
YAGFLR. The most prominent ion is [63CuII(dien)M]z21
at 445.73 Th; the minor ions are [M 1 H]1 at 726.40 Th,
Mz1 at 725.38 Th, [CuI(dien)]1 at 166.04 Th, and
[CuII(dien 2 H)]1 at 165.03 Th. The coexistence of the
Mz1 and the [M 1 H]1 ions is apparent in the inset.
Collision-induced dissociation of the [63CuII(dien)M]z21
ion (Figure 1b) clearly shows that the Mz1 ion is formed
along with [CuI(dien)]1 from the break up of [CuII(di-
en)M]z21 with the [M 2 106]z1 ion being a second
generation product ion (vide infra). (Note that copper
has two stable isotopes, 63Cu and 65Cu. The Cu isotope
mass-selected for CID will be specified for clarity; the
Cu in the text will generally carry no isotope informa-
tion as the chemistry is identical for both isotope-
containing ions, despite the fact that a specific Cu
isotope has been used to generate the information.)
This facile formation of Mz1 from [CuII(dien)M]z21
for M 5 YAGFLR is to be contrasted with the apparent
absence of Mz1 from the same ion type for M 5 YAGFL
(Figure 2). The two prominent reaction channels evi-
dent for that of the latter peptide are: (1) Dissociation
into [CuII(M 2 H)]1 and [dien 1 H]1, and (2) dissoci-
ation into [M 1 H]1 and [CuII(dien 2 H]1]. The latter
reaction is an example of the previously explored
intraionic proton transfer in complex ions [14].
While the composition of M is crucial in the produc-
tion of Mz1, that of the amine is apparently less so.
Figure 3a shows the product ion spectrum of
[63Cu(Me5dien)M]
z21 for M 5 YGGFLR. It is evident
that the Mz1 and the [M 2 106]z1 ions are prominent.
Facile formation of these two ions from the [Cu(di-
en)M]z21 ion of the same M was previously demon-
strated [12]. Other amine ligands that have been found
to be effective are terpy and 4-Cl-terpy (vide infra).
A comparison of Figures 1 and 2 establishes the
importance of the presence of an arginine residue in the
oligopeptide for the formation of Mz1. Similarly, a
comparison of Figures 3a and b shows the importance
of the tyrosine residue. Figure 3b displays the product
ion spectrum of the [63CuII(dien)M]z21 ion of M 5
met-GGFLR (an enkephalin-like peptide having an N-
Figure 1. (a) TOF mass spectrum of electrospraying a solution of [CuII(dien)](ClO4)2 and M 5
YAGFLR; (b) product ion spectrum of [63CuII(dien)M]z21, Ecm 5 2.0 eV.
Figure 2. Product ion spectrum of [63CuII(dien)M]z21 for M 5
YAGFL, Ecm 5 1.5 eV. The spectrum has a lower resolution than
those in Figure 1 as it was acquired on a quadrupole mass
spectrometer.
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terminal methionine as opposed to a tyrosine residue);
it is evident that fragmentation leads to the formation of
[CuII(M 2 H)]1 and [dien 1 H]1, as well as [M 1 H]1
and [CuII(dien 2 H)]1, but no Mz1 or [M 2 106]z1. In
fact, after a survey of some 30 oligopeptides, we con-
clude that the presence of a tyrosine or a tryptophan
residue is a necessary condition for the production of
Mz1 in our experiments. The correlation between Mz1
observation and the presence of the tyrosine and tryp-
tophan residue is in accordance with the ionization
energies of their free amino acids, which are the lowest
among the a-amino acids [4, 15–18]. Figure 3c shows the
product ion spectrum of the [63CuII(dien)M]z21 ion of M
5 WGGFLR. Collisional activation apparently leads to
three fragmentation channels: the formation of (1)
[CuII(M 2 H)]1 and [dien 1 H]1, (2) [M 1 H]1 and
[CuII(dien 2 H)]1, and (3) some Mz1 plus a prominent
[M 2 129]z1 ion.
The tyrosine and tryptophan residues are known
radical sites in proteins [1, 2]. In vivo protein radicals
are synthesized via a post-translational process involv-
ing metallo cofactors. Quinomethides are known me-
tabolites formed from oxidation of phenolic compounds
[19]. The oxidation of tyrosine and tryptophan by the
coenzyme PQQ (pyroloquinolinequinone) is believed to
result in the cleavage of the Ca™Cb bond [20], thus
producing p-quinomethide (1) and 3-methylene indole-
nine (2), respectively. The [M 2 106]z1 ion seen in
tyrosine-containing peptides and the [M 2 129]z1 ion
seen in WGGFLR are probably due to elimination of 1
(106 Da) and 2 (129 Da) from the respective Mz1 ions.
Figure 4a and b compares the product ion spectrum of
Figure 3. Product ion spectra of (a) [63CuII(Me5dien)M]
z21 for M
5 YGGFLR at Ecm 5 1.5 eV; (b) [
63CuII(dien)M]z21 for M 5
met-GGFLR at Ecm 5 1.0 eV; and (c) [
63CuII(dien)M]z21 for M 5
WGGFLR at Ecm 5 2.5 eV.
Figure 4. Product ion spectra of (a) the [M 2 106]z1 ion of
YGGFLR at Ecm 5 2.5 eV and (b) the [M 2 129]
z1 ion of WGGFLR
at Ecm 5 2.5 eV. See text for proposed ion structures.
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the [M 2 106]z1 ion of YGGFLR with that of the [M 2
129]z1 ion of WGGFLR. The spectra are sufficiently
similar (virtually all product ions have identical m/z
values albeit with some differences in relative abun-
dances) to suggest that the two precursor ions have the
same structure. This is in accordance with the expecta-
tion that elimination of 1 from the Mz1 ion of YGGFLR
and 2 from the Mz1 ion of WGGFLR produces the same
ion at 605 Th (Scheme 1).
Thus far Mz1 ions are reported only when the oli-
gopeptides contain both a tyrosine or a tryptophan
residue and a basic residue such as arginine, and that
the [M 2 106]z1 and the [M 2 129]z1 ions are prominent
fragments of tyrosine- and tryptophan-containing pep-
tides. It now appears that molecular radical cations are
observed also in some tyrosine- and tryptophan-con-
taining oligopeptides that do not contain arginine,
lysine or histidine residues [21]. Furthermore, cleavage
of the tyrosyl and tryptophanyl side chains is not
always observed. Our current hypothesis is that the
fragmentation of the [CuII(dien)M]z21 and the Mz1 ions
can proceed via a number of fragmentation channels
that have competitive barriers; the relative heights of
these barriers are residue- and sequence-dependent.
We have proposed that the rich fragmentation chem-
istry of the radical ions, e.g., that of the [M 2 106]z1 ions
as displayed in Figure 4 and earlier [12], is induced by
the radical, which is mobile and is transferred effi-
ciently from one residue to the next [12]. The fragmen-
tation of organic radical ions, especially of those that are
formed under electron impact mass spectrometric con-
ditions, is fascinating and exhibits diverse chemistry
[10]. It is customary to assume that the radical and
charge sites (in reality, the electronic hole) are mobile in
proposed dissociation mechanisms [10]. Charge trans-
fer in proteins and other biological molecules has re-
ceived considerable interest in recent years [4–9]. A
reason for this attention is the desire to better under-
stand and to create functional molecular wires [3]. In
particular, the work of Schlag and co-workers [4–9] has
focused on interpreting and modeling their results on
resonant UV two-photon ionization plus resonant visi-
ble photon absorption and dissociation of oligopeptides
that contain one aromatic residue (tyrosine or trypto-
phan) which acts as the chromophore. After photoion-
ization, the charge has been observed to migrate with
ease over several residues to effect fragmentation at a
site that is remote from the chromophore. The salient
features in the latest version of their model are as
follows. The charge is initially localized at the chro-
mophore in the form of an electronic hole in the ground
electronic state of the cation. After photoexcitation of
the cation, the unpaired electron is promoted into a
charge transfer state and the new hole thus created can
hop between local sites in the chain. The ability to
charge transfer between residues is dependent on local
conformation of the residues involved. When the con-
formation is favorable, the coupling strength is suffi-
ciently strong to ensure a high probability of charge
transfer [9].
The product ion spectra of the [CuII(terpy)M]z21 and
the [M 2 106]z1 ions for M 5 YGGFLK are shown in
Figures 5a and b, respectively. The product ion spec-
trum of the [M 2 106]z1 ion is to be compared with that
of M 5 YGGFLR (Figure 4a). These two spectra contain
similar ion types (as expected from their similar se-
quences), and a number of these, e.g., the yn* and the zn,
are not commonly observed in the fragmentation of
protonated peptides [22]. For M 5 YGGFLR the y2* ion
has been proposed to have a cyclic structure 3, whereas
the z5 ion has been postulated to be a ketene 4 (Scheme
2) [12]. Conversely, some common fragments of proton-
ated peptides, e.g., the an and bn, are notably absent.
Comparing the two spectra, it is evident that the N-
Scheme 1
Figure 5. Product ion spectra of (a) [63CuII(terpy)M]z21 for M 5
YGGFLK, Ecm 5 1.5 eV; and (b) the [M 2 106]
z1 ion at m/z 5 577.8,
Ecm 5 1.8 eV.
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terminal fragment ions, e.g., the (b4* 2 H), (a4* 2 H),
and the (b3* 2 H) ions (vide infra), are much more
abundant when generated from M 5 YGGFLK than
from M 5 YGGFLR. This observation is consistent with
the differences in fragmentation noted between lysine-
and arginine-containing protonated peptides [22].
Although we are still in the early stages of investi-
gating details of the fragmentation chemistry of the Mz1
ions and their characteristic first generation product
ions, such as [M 2 106]z1 ions for tyrosine- and [M 2
129]z1 for tryptophan-containing peptides, the chemis-
tries that we have witnessed are fascinating, especially
in their diversity and scope. In order to better under-
stand these fragmentation reactions, we have begun
systematically comparing the dissociation of shorter,
tri- and tetrapeptides that differ only in one residue, but
still are of a similar type. These shorter peptides yield
fewer ions, and differences in their product ion spectra
can be better correlated to differences in their struc-
tures. For example, Figure 6a and b shows the product
ion spectra of the [M 2 106]z1 ions of YSK and YTK,
respectively. It is evident that the two spectra are quite
similar, as expected from the similarity of the structures
of these two peptides, which differ only in a substituent
on the b-carbon of the second residue; for serine that
substituent is a hydrogen atom, whereas for threonine it
is a methyl group. Comparing the two, it is evident that
the ions at m/z 5 234.18 in Figure 6a and at m/z 5 248.17
in Figure 6b, as well as a second pair at m/z 5 144.08 in
Figure 6a and at m/z 5 158.08 in Figure 6b, differ by 14
Da and probably contain the second residues of the
tripeptides. From the m/z values themselves, the first
pair are assigned y2 ions, while the second pair are (b2*
2 H). The latter product ions are unconventional as
they are odd-electron ions; furthermore, the N-terminal
tyrosyl residue’s identity is lost, as it converts to a
glycyl residue after hydrogen atom transfer from the
second residue. While we are still at the stage of
classifying the type of product ions seen, it is apparent
that a much more diverse set of product ions is pro-
duced from the fragmentation of Mz1 ions and their
immediate fragments, e.g., the [M 2 106]z1 ions, than
the [M 1 H]1 ions.
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